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A . INTRODUCTION 

Amorphous  semiconductors  are  known  to  possess  unique 
properties  which  may  prove  to  be  of  considerable  technological 
significance.^'  In  addition  to  the  well-known  application  ol 
xerography,  less  well-understood  possible  applications  include: 
electrical  switching,  memory  devices,  optical  mass  memories, 
phase  contrast  holograms,  photographic  imaging,  high  energy 
particle  detectors,  ultrasonic  delay  lines  and  radiation 
hardened  devices.  Amorphous  materials  have  also  been  used  as 
infrared  windows,  as  photoconductors  in  vidicons,  and  as  oxide 
insulators  in  integrated  circuit  technology. 

The  most  important  goal  at  present  in  the  field  of 
non-crystalline  solids  is  an  improved  understanding  and  charac- 
terization of  material  structure;  for  i-  is  the  details  of 
structural  disorder  which  are  of  primary  importance  in 
determining  the  optical  and  electronic  properties  of  amorphous 
semiconductors.  A number  of  different  methods  are  available 
for  investigating  structure,  among  which  are  x-ray,  neutron  and 
electron  diffraction,  electron  beam  microscopy,  and  election 


THE  FINDINGS  IN  THIS  RETORT  ARE  NOT  TO  BE  CONSTRUED  AS  AN 
OFFICIAL  DEPARTMENT  OF  THE  ARMY  POSITION,  UNLESS  SO  DESIGNATED 
BY  OTHER  AUTHORIZED  DOCUMENTS. 
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probe  microanalysis.  While  these  techniques  are  very  useful 
in  describing  certain  long-  and  mid-range  structural  parameters, 
none  specifically  looks  at  short  range  order. 

This  report  is  concerned  specifically  with  the  Mossbauer 
effect  which  has  proved  to  be  a powerful  research  tool  for 
probing  the  electromagnetic  field  on  the  scale  of  atomic 
dimensions,  and  thus  for  investigating  the  degree  of  order 
surrounding  a particular  atomic  species.  Four  kinds  of  per- 
tinent information  are  obtainable  from  Mossbauer  studies: 

(1)  Structural  information  may  be  obtained  from  the 

quadrupole  splitting  of  the  Mossbauer  resonance  lines. 

The  sharpness  and  positions  of  the  lines  reflect  the 
atomic  coordination  and  the  degree  of  crystallinity  of 
the  sample.  The  magnitude  of  the  quadrupole  splitting 

in  Tg  can  be  related  to  the  covalent  bond  length  and 
bond  angle  between  neighboring  Te  atoms.  The  degree 
of  symmetry  in  the  line  intensities  is  related  to 
orientation  effects  on  a microcrystal  line  scale. 

Amorphous  or  microcrystalline  states,  as  well  as  long- 
range  and  short-range  order,  may  thus  be  distinguished 
from  each  other  by  this  technique.  The  line  shapes 
reflect  the  dispersion  of  the  crystalline  Jield. 

Mossbauer  studies  of  i25Te,  which  make  use  of  an 
excited  nuclear  state,  are  the  only  direct  means  for 
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obtaining  quadrupole  coupling  data  from  which  certain 
structural  information  on  tellurium  compounds  may  be 
obtained.  This  is  because  no  tellurium  isotope  has  a 
ground  state  electric  quadrupole  moment  which  would  be 
necessary,  lor  example,  if  nuclear  quadrupole  resonance 
techniques  were  to  be  used. 

(2)  The  effective  electronic  valence  state  of  the  ion  may  be 
determined  from  the  isomer  shift.  This  may  provide  a clue 
to  the  conduction  mechanism  in  the  disordered  state. 

The  type  of  bonding  and  changes  in  the  bonding  on  under- 
going a phase  transition  are  revealed  by  changes  in  the 
isomer  shift. 

(3)  Mossbauer  hyperline  structure  is  directly  observed  in 
much  the  same  manner  as  in  NMR,  and  sometimes  with  greater 
resolution  and  ease  ol  interpretation. 

(4)  Indirect  structural  information  related  to  the  lattice 
phonon  spectrum  may  be  obtained  from  measurements  of  the 
recoil-free  fraction  (or  Debye-Waller  factor,  i),  line 
shapes,  and  second  order  Doppler  shift. 

The  Mossbauer  effect  h^s  been  observed  to  occur  in 
-sotopes  of  almost  half  of  the  naturally  ocurring  elements,  of 
these,  oiny  about  a dozen  or  so  are  of  sufficient  strength  and 
resolution  to  be  of  any  analytical  value  in  chemical  or  physical 
investigations.  Of  all  the  elemental  semiconductors  which  can 
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be  prepared  in  an  amorphous  state,  only  tellurium  has  an  isotope 
which  is  suitable  for  Mossbauer  spectroscopy.  This  js  fortuitous 
because  the  chalcogenidcs , including  Te,  are  generally  considered 
by  most  workers  in  the  field  of  amorphous  semicoi ductors  to 
offer  the  greatest  possibilities  as  a constituent  atomic  species 
in  technologically  useful  devices. 

Technical  details  of  the  Mossbauer  effect  in  tellurium 
were  presented  in  the  original  Proposal  for  the  work  described 
r.ere  and  have  been  reviewed  by  Violet  1 ' . Applications  of 
the  Mossbauer  effect  to  the  study  of  amorphous  systems  have 
mostly  employed  isotopes  of  iron,  tin  and  antimony.  This  work 
has  recently  been  reviewed  by  Taneja,  et  al.  The  research 

being  reported  here  represents  a level  of  effort  of  },  man  year 
for  two  years. 

B.  WORK  SUMMARY 
a)  Experimental  Techniques 

During  the  period  of  the  contract  we  perfected  techniques 
for  preparing  amorphous  tellurium  films  by  evaporation  in  a 
vacuum  chamber,  for  transferring  the  samples  to  the  Mossbauer 
apparatus  while  maintaining  the  amorphous  state  (i.e.,  keeping 
the  sample  below  -10°C),  and  for  subsequently  crystallizing 
the  films  by  warming  to  room  temperature  while  still  in  the 
Mossbauer  apparatus. 
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The  vacuum  deposition  apparatus  (bell  jar  removed)  is 
shown  in  Figure  1(a)  and  the  sample  holder  is  shown  in  an 
exploded  view  in  Figure  1(b).  The  heavy  walled  copper  block 
Figure  1(a)  was  cooled  with  flowing  liquid  nitrogen  (LNq) 
during  the  deposition  period.  The  sample  block  (Figure  1(b)) 
has  a thin  central  section  (5/8"  dia.  x .004"  thick)  upon  which 
the  film  was  deposited.  The  evaporation  source  consisted  of 
tellurium  powder  enriched  to  50f;  125Te  (by  mixing  enriched 

powder  with  natural  tellurium  powder)  in  a shallow  vitreous 
graphite  crucible  which  was  joule  heated.  A fine  tungsten 
screen  covered  the  source  material  to  prevent  splattering. 

System  pressure,  evaporation  source  crucible  temperature  and 
substrate  temperature  were  carefully  monitored  during  evaporation. 
Typical  values  were; 

System  pressure:  ~ 2 x 10-5  torr 

Crucible  temperature:  * 300  C 

Substrate  temperature;  ~ -110° C 

The  distance  between  the  evaporation  source  and  the  cold 
substrate  was  approximately  5 cm.  This  distance  is  a compromise 
between  a greater  distance  (~  10  - 15  cm)  which  would  have 
permitted  a uniformly  smooth  amorphous  film  to  form  on  the 
substrate  with  no  appreciable  warming  of  the  substrate,  and  a 
closer  distance  (<  5 cm)  which  would  have  been  economical  in 
teims  of  the  quantity  of  enriched  ^^Te  consumed,  but  which 
was  marginal  in  terms  of  the  increased  possibility  of  causing 
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partial  crystallization  of  the  sample  during  deposi tion  by 

radiative  heating  from  the  hot  source.  At  $1200/gram  for  90% 

125 

enriched  Te , a typical  sample  preparation  run  used  about 

$120  worth  (0.1  g)  of  the  isotopically  enriched  tellurium. 

Although  most  of  the  tellurium  was  evaporated  onto  parts  of  the 
system  other  than  the  sample,  we  determined  that  it  was  not 
economically  feasible  to  try  to  recover  and  recycle  the  evapo- 
rated material.  Also,  not  every  sample  run  produced  a usable 
amorphous  sample.  Considerable  difficulty  was  encountered  in 
keeping  the  substrate  sufficiently  cool  to  prevent  crystallization 
during  the  deposition.  Visual  observation  of  the  film  during 
deposition  gave  a good  indication  of  the  film  quality.  Too  high 
a deposition  rate  or  too  much  heat  radiated  from  the  evaporation 
furnace  frequently  caused  localized  areas  of  the  film  to  pucker 
in  a manner  indicating  that  the  affected  region  was  no  longer 
"strictly  amorphous".  This  conclusion  was  confirmed  by  Mossbauer 
examination  of  such  specimens. 

A special  technique  was  developed  for  keeping  the  sample 
cold  during  transfer  from  the  evaporation  equipment  to  the 
Mossbauer  apparatus.  The  sample  block  (Figure  1(b))  upon  which 
the  sample  film  is  deposited  has  on  its  outside  a left-handed 
thread  which  screws  into  the  LN2  cooled  copper  block  in  the 
deposition  chamber  (Figure  1(a)).  The  tube  from  the  Mossbauer 
apparatus  has  attached  to  it  at  the  bottom  end  a pre-coolod 
copper  cylinder  of  sufficient  mass  to  keep  the  sample  below 
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Fig  1 (a)  Fig.  1 (b) 

Fig  1(a)  Close  up  of  vacuum  deposition  chamber  showing:  a-left-hand  thread,  b-  Ll\)2  cooled  copper  block,  c-graphrte 
source  boat,  d I.N2  cooling  lines,  e-shutter,  f-cold  cap.  Fig.  1(b)  Exploded  view  of  ■'ample  holder  showing:  a-boron 
nitride  cap,  b-sample  substrate  copper  block,  c -absorber  holder  tube  with  copper  cooline  block,  d-thermocouple 
orifice,  e left  hand  outside  thread,  f -right-hand  inside  thread 
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- 10°  C for  several  minutes  in  a room  temperature  environment, 
this  is  also  shown  in  Figure  1(b).  The  inside  oi  the  sample 
block  has  a right-hand  thread  which  matches  the  thread  on  the 
outside  of  the  Mossbauer  absorber ‘ sample  mounting  block.  Thus, 
rotating  the  absorber  holder  tube  into  the  sample  block  simul- 
taneously threads  the  plug  onto  tiie  Mossbauer.  holder  and  threads 
the  plug  fron  the  cooled  block  in  the  vacuum  apparatus.  The 
heavy  cold  copper  cylinder  keeps  the  sample  cold  during  the  few 
seconds  that  it  Lakes  to  transfer  the  sample  to  1 he  Mossbauer 
apparatus  dewar  where  it  is  in  thermal  contact  with  a LN9  bath 
at  - 196JC.  A boron  nitride  cap  (Figure  1(1)))  was  pre-eooled 
and  attached  to  the  sample  holder  as  part  of  the  transfer  pro- 
cedure. This  was  found  to  be  necessary  to  assure  that  none  of 

the  sample  material  flaked  off  the  copper  surface  during  the 
* 

crystallization  procedure.  During  crystallization  we  noticed 
that  sometimes  small  flakes  of  tellurium  tended  to  break  off 
from  the  surface:  this  would  ruin  the  comparison  of  the  recoil- 

free  fraction  between  the  amorphous  and  erystallineNstates 
unless  the  film  were  constraT e,ed  to  remain  in  place  during  the 
phase  change.  The  boron  nitride  cap  keeps  the  film  in  place 
during  the  crystallization.  'n 

The  sample  was  crystallized  by  removing  the  sample  holder 

■t 

from  the  LN0  bath  and  allowing  it  to  warm  to  roo^.  temperature 
for  several  minutes.  Subsequently  it  was  then  re-cool  c-d*  to  LN 

■s 

temperature  to  obtain  the  Mossbauer  spectrum  of  the  crystallized 
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sample.  The  results  of  one  such  comparison  of  the  spectra 
are  shown  in  Figure  1 of  the  Appendix. 

The  Mossbauer  apparatus  consists  of  a conventional 
constant  acceleration  velocity  transducer  with  a multichannel 
analyzer  to  collect  and  store  the  data.  The  35.5  keV  y-rays 
were  detected  by  gating  on  the  escape  peak  (~  7 keV)  from  a 
2 atm  Xe/C02  proportional  detector.  The  copper  (.004”) 
substrate  was  sufficient  to  filter  the  Te  K and  L x-rays.  Aa 
aluminum  filter  (~  80  mg/cm'1')  was  used  to  filter  the  8 keV 
Cu  x-rays.  The  pertinent  Mossbauer  techniques  are  described  in 
references  2 and  6 of  the  Appendix. 

The  principal  experimental  results  of  this  work  have 
been  reported  in  a paper  published  in  Solid  State  Cor*- 1 uications 
a copy  of  which  is  attached  to  this  report  (Appendix). 

b)  Mossbauer  Sources 

The  usual  source  used  for  Mossbauer  spectroscopy  of 

125 

tellurium  has  for  several  years  been  ' I in  Cu.  This  source 
suffers  from  several  inadequacies: 

(1)  It  lias  a relatively  short  half-life  of  GO  days 
(and  a cost  of  about  $500  per  source); 

(2)  Its  recoil-free  fraction  of  about  0.25  at  80  K 
is  lower  than  one  would  like; 

(3)  The  line  width  is  approximately  1.5  times  the 
natural  line  width;  and 
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(4)  The  sources  are  not  reliably  reproducible  with 
respect  to  recoil-free  fraction  and  line  width. 

Since  the  spectra  of  both  amorphous  and  crystalline 

tellurium  consists  of  a not  fully  resolved  quadrupole  doublet, 

it  is  essential  for  the  purpose  of  quantitative  analysis  of 

the  data  to  use  a source  which  gives  the  narrowest  possible  line 

together  with  the  highest  recoil-free  fraction.  In  addition  to 
125 

I in  Cu,  we  had  prepared  for  us  by  the  New  England  Nuclear 

Corporation  sources  of  12°Sb  in  Sb90,  (6),  125Te  j n £-TeO.  (6) 

“ b 3 ’ 

125  ( 7 ^ 

and  Sb  in  Cu  ' , all  of  which  have  been  reported  to  give 
substantial  improvements  in  one  or  more  of  the  important 
parameters  mentioned  above. 

We  tested  each  of  these  sources  by  measuring  che  recoil- 
free  fractions  and  linewidth1;  relative  to  a pair  of  ZnTe 
powder  absorbers  made  from  crushed  single  crystal  material 
(3.0  and  1.5  mg/cm  The  linewidth  data  are  extrapolated 
to  zeio  absorber  thickness.  Comparison  is  facilitated  by  the 
table  below: 


Source 

125t  . 
I l 

125„, 


(hall -life ) 


( linewidth ) 


Sb  in  Cu 


Sb90o 

<> 


(S125Teo3 


recoil- free 
fraction 


60 

days 

1 

7.4 

0.25 

2.7 

years  j 

i 

6.3 

0.50 

l 

2.7 

i 

years 

7.5 

1 

0.37 

j 

58 

i 

days  j 

9.2 

0 . 55 
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Th<-  Sb  sources  sutler,  however,  from  a high  energy 
y-ray  background  which  reduces  the  effective  f values 
to  approximately  half  the  "true"  values  shown  here. 

125 

Frcm  this  table  we  can  see  that  Sb  in  Cu  gives 

the  narrowest  line  consistent  with  a high  recoil-free  fraction. 

125 

In  future  work  we  would  use  Sb  in  Cu  as  a Mossbauer  source 

since  we  have  demonstrated  that  it  is  probably  the  best  source 
of  all  those  we  have  tested.  The  high  v- ray  background  is 
still  a problem  which  requires  additional  study  in  order  to 
minimize  its  effect. 

c ) Absorbers 

Absorbers  were  prepared:  (a)  by  using  tellurium  poly- 

crystalline powder  mixed  with  granulated  sugar  or  alumina  and 
then  encapsulated  in  plastic  discs;  (b)  by  evaporating  tellurium 
onto  copper  foil  discs  initially  at  room  temperature  to  obtain 
poly crystalline  films;  and  (c)  by  evaporating  tellurium  onto 
cold  copper  substrates  as  described  in  paragraph  (a)  above. 

Films  deposited  on  room  temperature  substrates  are 
polycrystalline,  easily  prepared,  and  may  be  made  quite 
thick  - up  to  10  microns  or  more.  These  films  are  of  good 
appearance,  smooth,  and  adhere  to  the  substrate  despite 
repeated  cycling  between  room  and  liquid  nitrogen  temperatures. 
The  Mossbauer  spectra  are  essentially  identical  with  those 
obtained  from  the  tellurium  metal  powder  samples.  Both  types 
of  samples,  crystalline  films  and  powder,  exhibited  a 
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marked  Intensity  asymmetry  between  the  components  of  the 
quadrupole  doublet.  We  have  traced  the  origin  of  this  asymmetry 
to  a preferred  orientation  direction  in  both  kinds  of  samples. 
This  is  not  surprising,  since  the  films  were  observed  by 
microscopic  examination  to  have  a preferential  direction  of 
grc  ch.  The  powder  samples  show  an  asymmetry  due  to  a 
preferred  packing  orientation;  an  unexpected  phenomenon  which 
has  nevertheless  been  observed  in  other  systems  when  the  matrix 
material  is  soft  (e.g. , sugar)  compared  with  the  Mossbauer 
active  crystalline  component.  Grinding  the  tellurium  powder 
thoroughly  with  fine  powdered  alumina  as  a matrix  material 
produces  a spectrum  with  a very  small  (possibly  zero) 
residual  asymmetry.  This  result  demonstrates  that  the  asymmetry 
is  largely  an  orientation  or  sample  preparation  problem.  It 
is  doubtful  that  there  is  any  intrinsic  asymmetry  in  the  bulk 
polycrystalline  tellurium  metal  spectrum. 

Amorphous  samples  were  prepared  as  described  previously. 
Films  thicker  than  about  2 um  were  observed  to  puckei  and 
start  peeling  from  the  substrate.  Sometimes  pinholes  were 
observed  in  the  films.  Mossbauer  spectra  of  such  thick  films 
indicated  (by  the  relatively  large  recoil-free  fraction)  that 
they  were  at  least  partially  crystallized.  Other  factors, 
such  as  too  fast  a deposition  rate  o poor  substrate  cooling, 
also  tended  to  produce  samples  which  were  revealed,  both  by 
the  Mossbauer  experiments  and  by  their  physical  appearance,  to 
be  partially  crystallized.  We  have  experienced  some  difficulty 
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in  establishing  definitive  criteria  for  "complete  amorphicity" 
of  the  sample,  if  indeed  any  such  state  exists.  Because 
various  degrees  have  been  shown  to  exist,  for  example  in 
silicon  we  assume  that  the  "most  amorphous"  of  our  films, 

as  characterized  by  the  lowest  experimentally  observed  recoil- 
free  fraction,  is  the  most  disordered  of  the  samples  we  prepared. 
This  "most  amorphous"  sample  as  determined  by  the  Mossbauer 
results  was  used  in  obtaining  the  spectra  shown  in  the 
Appendix.  Several  other  samples  showed  spectral  characteristics 
intermediate  between  this  "most  amorphous"  sample  and  fully 
crystallized  samples. 

d)  Summary 

In  summary,  we  have  demonstrated  that  the  Mossbauer 
technique  is  a useful  approach  to  the  investigation  of  the 
structure  of  amorphous  materials.  In  particular,  for  tellurium, 
the  Mossbauer  technique  is  able  to  distinguish  among  various 
levels  of  disorder.  Foi  the  most  disordered  tellurium  film 
we  observed  that,  compared  with  the  same  film  after  it  had  been 
allowed  to  crystallize:  (1)  the  amorphous  film  exhibits  a 

quadrupole  splitting  approximately  20',  greater  than  the  crys- 
talline film;  (2)  the  recoil-free  fraction  in  the  amorphous 
film  is  about  one-third  as  great  compared  with  the  crystalline 
film;  and  (2)  both  samples  exhibit  an  asymmetry  betw'cen  the 
intensities  of  the  quadrupole  doublet  components.  These 
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features  and  changes  in  the  Mossbauer  spectra  have  been  quali- 
tatively explained  in  terms  of  the  differences  in  structure 
between  the  amorphous  and  crystalline  films.  Considerably 
more  work  needs  to  be  done  in  order  to  characterize  defini- 
tively the  degree  of  ordei /disorder  in  amorphous  systems  as 
well  as  to  quantify  the  interpretation  of  some  of  the  Mossbauer 
parameters . 
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ompanson  of  the  * Te  Mossbauer  spectra  in  amorphous  and  crystalline 
• , ‘ l,lll'ca,cs  !liaI  1,1  l,lc  amorphous  phase  the  quadrupole  splitting  is 
. ?-wiTr,er  T ,llcnrcc"ll;,rec  f acnon  about  one-third  as  great  as  in 
he  crystal  me  phase.  Diese  changes  are  interpreted  as  indicating  a decrease 
n he  length  of  the  covalent  bond  between  the  nearest  neiglibor  Te  atoms 
in  he  amorphous  state  and  furthermore  that  dangling  bonds  at  the  ends 
• the  Tc  chains  are  responsible  for  a change  m the  density  of  phonon  states 


AMORPHOUS  semiconductors  have  received  con- 
siderable attention  in  recent  years  both  because  of 
their  potential  technological  importance  and  because 
of  the  challenges  posed  to  solid-state  theorists  by  their 
lack  of  long  range  order.  Of  alt  the  semiconducting 
elements  which  give  rise  to  a readily  observable 
Mossbauer  hyperfine  structure,  only  tellurium  satisfies 
the  requirement  of  being  easily  piepared  in  an  ele- 
mental amorphous  form  1 The  Mossbauer  effect  in 
bulk  crystalline  tellurium  has  been  extensively 
investigated  so  that  the  structure  of  the  c i y stall t ne 
phase  lias  been  well  characterized  in  terms  of  the 
Mossbauer  spectra  hyperfine  structure  parameters. 
Mossbauer  studies  of  the  amorphous  to  crystalline 
phase  transitions  in  tellurium  based  glasses4  and  in 
amorphous  selenium  eloped  with  2 per  cent  tellurium5 
have  been  recently  reported  Because  pure  tellurium 
is  an  elemental  system  complications  associated 
with  possible  compositional  disorder  and  phase 
separation  are  eliminated  and  ‘he  Mossbauer  results 
should  be  amenable  to  a relatively  straight  forward 
interpretation 


This  work  was  supported  by  the  Advanced  Research 
Projects  Agency  of  the  Department  of  Defense  and 
was  monitored  by  the  Army  Research  Office 


Ai  ordmniy  pressures  tellurium  is  a semiconductor 
which  crystallizes  with  space  group  //,  or  /7$  having 
three  atoms  per  unit  cel)  in  a structure  consisting  of 
long  parallel  helical  chains  with  overall  trigonal 
symmetry  The  neighbouring  atoms  within  the  same 
cham  are  covalently  bonded,  while  between  chains 
they  arc  connected  by  a somewhat  weaker  comhma- 
tion  of  van  der  Waals  and  metalli  bonding.  The 
amorphous  form,  which  probably  does  not  have  a 
unique  structure  unless  the  method  of  preparation  is 
specified,  may  be  prepared  bv  evaporation  in  a vacuum 
onto  a cold  substrate.  It  has  been  reported  that  such 
an  amorphous  film  crystallizes  with  a sudden  change 
in  morphology  when  warmed  above  about  288  K 1 
We  have  confirmed  that  films  deposited  in  our 
laboratory  in  a manner  described  below  do,  m fact, 
undergo  a rapid  transformation  at  this  temperature. 

The  conductivity  ofTc  films  deposited  on  low  tem- 
perature fused  silica  substrates  was  observed  to  increase 
irreversibly  by  about  tour  orders  of  magnitude  during 
an  increasing  temperature  inteival  of  about  I K at 
288  K We  take  this  to  be  an  indication  of  the  amor 
plious  to  crystalline  transition.  It  is  the  purpose  of 
this  note  to  report  the  changes  in  the  Mossbauer 
parameters  in  going  from  the  amorphous  to  the  crys 
tallme  state  in  pure  tellurium  films  and  to  give  a pre- 
liminary interpretation  of  the  results. 
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Amorphous  tellurium  films  were  prepared  by 
vacuum  deposition  at  approximately  10  5 tori 
onto  cooled  copper  toil  substrates.  The  evaporation 
source  consisted  of  tellurium  powder  enriched  to  65 
per  cent  1J5Te  contained  in  a shallow  vitreous  carbon 
crucible  which  was  joule  heated  A fine  tungsten 
screen  covered  the  source  material  to  prevent  splatter- 
ing. A special  sample  holder  was  used  to  keep  the 
film  cool  during  deposition  and  while  transfeiring  the 
sample  to  the  Mossbauer  apparatus.  A 2.5  cm  dia. 
copper  plug  with  0 01  cm  thick  and  1.6  cm  dia. 
central  window  was  threaded  into  a copper  block 
through  winch  liquid  nitrogen  was  circulated.  The 
tellurium  was  deposited  on  the  surface  of  the  plug 
and  tin  gamma  rays  transmitted  through  the  fun 
copper  window  which  served  the  dual  purposi  of 
keeping  the  film  cold  and  of  filtering  i he  Te  K X-rays 
emitted  from  the  Mossbauer  source  \ isujI  obseiva- 
iion  of  the  film  during  deposit ur.'  ave  a good  indica- 
tion of  the  film  qualit  Rolycrystal  ine  films  up  to 
several  microns  thick  were  also  prepared  by  deposition 
on  room  temperature  substiates.  films  deposited  on 
substrates  held  at  about  100  K produced  amorphous 
films  which  could  not  be  formed  tine  ker  than  about 
2 /am  During  the  deposition,  thicker  films  tended  to 
I irtially  crystallize,  pucker  ai  the  center  of  the 
substrate,  md  eventually  peel  or  flak  off  altogether 
Thin  amoiphous  films  S 2 /am  thick  could  he  crystal- 
lized in  silu  by  warming  to  room  tempeiatuie  but 
those  appiectably  greater  than  I /mi  in  thickness 
failed  to  adhere  to  the  substrate  when  crystallized. 

The  Mossbauer  spectra  were  obtained  using  an 
l25l  m Cu  source  for  the  35  5 kc\  gamma  lay  corre- 
sponding to  the  3/2  - 1/2  recoil  less  resonant 
transition  in  mTr  The  Te  k \-ia\s  were  filleted  by 
die  0 I mm  Cu  substrate  while  the  7 keV  Cu  \ rays 
produced  in  the  C u matrix  soniee  were  filtered  bv  a 
0.5  mm  AI  foil.  The  gammas  were  counted  bv  gating 
on  the  6 keV  escape  peak  from  a 2 atm  Xe  C02 
proportional  counter  Hie  source  and  absorber  were 
both  maintained  at  the  temperature  of  liquid  nitrogen. 
The  spectrometer  consists  of  a constant  acceleration 
electromechanical  velocity  transducer  of  conventional 
design  together  witli  a multichannel  analyzer  operated 
in  the  normalized  mode  for  collecting  and  displaying 
the  data  h The  resulting  spectra  were  computer  ana 
lyzed  by  a least-squares  fit  to  the  data  points  using  a 
modified  program  originally  due  to  Chrisntan  and 
Tumolillo.7 


Figure  I shows  the  spectia  of  the  same  sample 
~ 2 rim  thick  before  and  after  crystallization  Both 
spectra  were  taken  with  source  and  absorber  at 
~ 80  K Tlie  spectrum  of  the  amorphous  sample  could 
not  he  fit  by  the  computer  in  any  consistent  fashion. 

The  solid  line  shown  foi  the  crystalline  sample  spectrum 
corresponds  to  the  least  squares  computer  fit.  The  spectra 
of  the  amorphous  samples  show  little  detail  on  account 
of  a low  recoil-free  fraction  and  also  possibly  because 
of  a iion-unique  quadrupole  splitting  The  thicker 
crystalline  films  deposited  on  substrates  at  loom  tem- 
perature gave  Mossbauer  patameters  identical  to  those 
of  polycrystalline  powder  samples  within  experimental 
error  except  lor  an  increased  asymmetry  in  the 
intensity  of  the  quadrupole  doublet  components.  We 
have  verified  the  otigin  of  this  asymmetry  by  observ- 
ing the  changes  in  'he  asymmetry  ratio  as  the  sample 
is  tilted  relative  to  the  7 ray  propagation  dnection  The 
crystallized  film  has  a preferred  orientation  such  that 
the  1 000 1 1 axis  is  perpendicular  to  the  film.3  The 
amorphous  film  spectrum  also  shows  evidence  of  the 
same  asymmetry  which  may  be  due  to  orientation  of 
micioerystals  or  lack  of  complete  amotphicity  111  the 
sample.  For  the  polycrystalime  films,  the  quadrupole 
splitting  (QS)  is  found  to  he  7.5  4 0 2 mm/sec 
averaged  over  four  separate  measurements.  The 
amorphous  film  spectra  cannot  be  computer  fit  in 
any  consistent  fashion  without  unduly  restricting  the 
parameters  A poor  fit  which  goes  two  lines  of 
unrealistically  different  widths  yields  a total  integrated 
intensity  under  the  curve  about  one-third  the  value 
computed  for  the  crystalline  film.  Die  splitting  m 
the  amorphous  film  appeals  to  he  slightly  larger  than 
in  the  crystalline  film 

These  results  indicate  that  there  is  a slight  inc  rease 
in  1 lie  OS  as  well  as  a large  decrease  of  the  ret  oil  tree 
fraction  111  the  spectium  of  the  amorphous  film 
compared  with  the  crystalline  film  The  spectia  of  the 
amorphous  films  are  not  sufficiently  resolved  to 
determine  whether  there  is  an  isomer  shift  or  any 
other  subtle  difference  between  the  two  phases 

An  inc  rease  m the  OS  in  the  amorphous  phase  is 
similar  to  that  seen  in  die  Te  riJi  glass  TenGcmAs* 
by  Hafeineister  and  do  Waard*  and  can  he  understood 
in  terms  of  a change  in  the  local  structure  surrounding 
a majority  of  the  tellurium  atoms.  Flic  electric  Meld 
gradient  (FFGl  at  the  le  nucleus  which  is  responsible 
for  the  OS  is  principally  due  to  the  covalent  bonding 
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F IG  1 Mossbauer  absorption  spectra  of  the  sa  ne  tellurium  film,  65  per  cent  enriched  l!sle  ami  ~ 2 pm  thick,  as 
deposited  (amorphous,  above)  and  after  annealing  for  a lew  minutes  at  room  temperature  (crystal!:. ic.  below)  The 
source  was  125 1 in  Cu  and  in  both  spectra  the  sonice  and  aborber  weie  at  ~ SO  k 


electrons  \ccordmg  to  a recent  studs  by  Boolchaml, 
i't  al  ,8  the  I2?Te  Mossbauer  QS  has  been  found  to 
correlate  linearly  with  the  inverse  cube  of  the  covalent 
bond  lengths  between  Tc  and  the  isoclo.  ironic  crvstal- 
line  hosts  S,  Se  and  Te  Tliis  correlation  is  phenomeno- 
logical. but  can  he  qualitatively  pistificd  in  terms  of 
the  various  known  contributions  to  the  M CI  at  the 
Te  nucleus.  The  covalent  bond  length  in  trigonal  Te 
at  room  temperature  is  2 H4  \ 11  ( sing  the  lelationship 
between  OS  and  bond  length  found  In  Boolchaml, 
et  al  8 a measurement  of  the  OS  would  give  a value 
lor  the  bond  length  in  amorphous  Te  if  we  assume 
that  there  is  a unique  (or  dominant ) Ob  which  is  due 
to  the  covalently  bounded  atoms  neglecting  the  small 
effect  of  temperature  on  the  bond  length  The  poorly 
resolved  spectra  and  bioad  lines  ol  »he  amorphous 
sample  clearly  indicate  that  a puntitativc  result  will 
have  to  await  better  data  It  might  be  expected  that 
the  QS  is  not  really  unique  if  the  long  chains  aie 
broken  and  disordered,  since  Te  atoms  at  the  ends 
of  the  chains  will  have  dangling  bonds  and  would  not 
experience  the  same  1 F(i  as  then  ulterior  neighbois. 
Recent  measurements  of  the  rad.al  u.  Intuition  func- 
tion obtained  by  electron  dillra  non  expeiimerils  .in 
amorphous  Te  films  give  a peak  at  2 7*>  \ lor  the  fust 
nearest  neighbor  distance,10  consistent  with  an 
increase  in  the  Mossbauer  measurement  ot  the  Ob  of 
about  10  per  cent 


The  lower  recoil  free  fraction  (rlf)  in  the  amor- 
phous state  can  be  mteipreted  o terms  of  the  changes 
in  the  lattice  structure  There  is  little  peituient  informa- 
tion available  in  the  hteiature  at  this  time  Raman 
scattering  on  ciystallme  and  amoiphous  tellurium* 1 
teveals  marked  differences  in  the  phonon  density  ol 
states  between  the  two  phases,  hue  and  Dresselhaus. 
m then  I lg  41 1 give  the  phonon  density  of  states  for 
a pan  cular  lattice  model  ol  crystalline  telhnium.  The 
cones,  oinlmg  density  of  slates  for  amorphous  tellurium 
cannot  be  esaily  obtained  from  the  Raman  spcctia  The 
K.  man  spectrum  of  amorphous  Tc  (reference  1 2,  mg  I ) 
shows  an  incieased  scattering  at  low  energies  (20  < r 
< 100  cm  ’)  plus  a shill  to  lugliei  energy  and  a broad 
enuig  o.  the  sharp  cry  stalline  peaks  at  about  I 20  and 
140  cm  1 Without  knowing  the  details  involved  in 
converting  the  Raman  scattering  data  into  phonon 
density  ol  tales,  it  would  be  difficult  to  make  a pre- 
cise statement  concerning  the  change  expected  in  the 
Mossbauer  rlf  The  structure  which  ippears  in  both 
phases  at  energies  greater  than  100  cm  1 cannot  greatly 
affect  the  Mossbauer  rlf  since  the  classical  recoil 
energy  ot  the  Mossbauer  gamma  photon,  /■  H — 5.4  X 
10  'cV.  is  less  than  half  the  energy  corresponding  to 
the  excitation  of  a phonon  at  100  cm  ’ (12.4  X 10  * W) 
An  enhanced  deusiiy  ol  low  energy  phonon  states  in  the 
amorphous  phase  qualitatively  is  indicative  of  a lower 
rft  which  agrees  with  our  observation. 
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Our  results  are  consistent  with  a model  of 
amorphous  tellurium  in  which  the  long  spiral  chains 
of  the  crystalline  state  are  broken,  leaving  a 
disordered  array  of  shortened  chains  having  dangling 
bonds  at  their  ends.  The  remaining  covalent  bonds 
arc  slightly  shortened  and  the  phonon  density  of 


Vol.  15,  No. 6 


states  is  changed  so  as  to  increase  N(v'  for  v £ 100 
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On  a compare  les  spectres  Mossbauer  de  ,J5Te  des  couches  minces  de 
telluie  amorphe  et  de  cristallin  Dans  Ic  cas  de  tellure  amorphe,  I intervalle 
quadrupolaire  cst  plus  grand  et  le  M »ssbauer/est  de  - 3 lnferieur  au 
tellure  cristallin  On  interprete  ces  differences  comme  un  dccroissement  dc 
la  liaison  covalente  entre  les  plus  proches  voisins  dans  la  phase  amorphe 
et  d’autre  part  les  liaisons  pendantes  aus  extrcmites  dc  chaines  du  tellure 
entrainent  un  changement  de  densite  des  etats  phonons  du  systeme. 


